A mixed mesh algorithm is developed for the integral equation modeling of scattering by three dimensional complex radar targets that consist of conducting surfaces and radar absorbing materials. The integral equation combines the surface integral equation (for conducting surfaces) and the volume integral equation (for dielectric material regions). The mixed mesh element scheme is proposed to model the complex scatterers. In this scheme, the surface is modeled by a set of triangles and quadrangles, and the dielectric volume is modeled by a set of tetrahedrons, prisms of triangle base, and prisms of quadrangle base (the hexahedron). The simulation shows that as long as the average edge length remains the same, the results from single element mesh and combined element mesh are of the same order, but the later uses less number of unknowns, less computing resources, and sometimes less iteration numbers.
Introduction
The integral equation modeling of scattering and radiation problems has become popular due to the development of fast solvers such as the multilevel fast multiple algorithm. In most previous modeling of 3D complex structures, single element type is used. In many applications, it is difficult to balance the modeling accuracy and the efficiency using only one type of element. For example, using tetrahedron element can easily model any complex volume structure, but the number of unknowns involved is significantly larger than using prism element or using hexahedron element. However, using hexahedron element alone is not flexible to model complex shapes such as those with sharp corners and edges. In this paper, a mixed element scheme is introduced and applied to model complex objects in the discretization of the hybrid integral equations. In this scheme, a line element, two surface elements (triangles and quadrilaterals), and three volume elements (tetrahedrons, hexahedrons, and prisms) are applied to model an object that may contain thin conducting wires, surfaces of conductors and/or impedance boundaries, and dielectric volumes. It is expected that the mixed mesh element approach will make the meshing more flexible than the single element approach, and lead to less number of unknowns, and will remain the solution accuracy. In the following, we will present a brief discussion on the formulation and some numerical simulation results. The multilevel fast multipole algorithm (MLFMA) [6] has been applied to generate the numerical results.
Formulation
Consider the electromagnetic scattering by a 3D complex structure that may consist of thin conducting wires, conducting surfaces, and dielectric volumes. An essential objective of the problem is to determine the induced currents. The induced currents are determined by the following hybrid integral equations [4] : (a) The Pocklington's integral equation for thin conducting wires, (b) the Surface integral equation (such as the electrical field integral equation) for conducting surfaces and impedance boundaries, and (c) the Volume integral for dielectric volume regions. To discretize the object, we introduce the following elements:
(1)Wire element: A wire element is determined by two points. Two roof-top basis functions are associated with a line element. It is used to represent thin conducting wires.
(2)Triangle element: A triangle element is determined by three points, and three RWG (Rao-WiltonGlisson) [1] basis functions are associated with a triangle. It is used to model conducting and impedance surfaces.
(3)Quad element: A quad element is determined by 4 points and 4 roof-top basis functions [2] are associated with the four edges. Each edge is associated with one basis function. It is also used to model surfaces.
(4)Tetrahedron element: A tetrahedron element is used to model volume regions, and it is determined by 4 points. Each of the 4 faces of the tetrahedron is associated with one volume RWG basis function [3] . It is used to model volume regions.
(5)Hexahedron element: a hexahedron element is specified by 8 points and 6 roof-top basis functions are associated with each hexahedron element [4] . It is used to model volume regions.
(6)Prism element: this element has a cross section of triangular shape. It is defined using 6 points. The 6 points are set on the base triangle and top triangle. It has 5 faces (2 triangles, and 3 quadrilaterals), and hence each prism is associated with 5 prism basis functions [5] . It is also used to model volume regions.
It is expected that the mesh generating will be very flexible when all of the above mesh elements are used for the mesh of a complex object that has conducting wires, surfaces, and the dielectric volumes. The basic requirements for the elements can be summarized as follows: (a) the edge lengths are comparable to one tenth of a wavelength (in the case of volume meshing of a dielectric region, the wavelength of the material should be used as a measurement), (b) the meshes must be well connected. The normalized basis function for all the element types can be expressed as
where the subscript "n" is the basis function index, √ g is the Jacobian of the transformation which maps the mesh element to the corresponding unit element, and b n is a vector that is related to the edge or face of an element. The sign "+" and "−" is determined by the order of an element in a basis function (each basis function is defined on two mesh elements. On the common edge or face, the basis function points from one element to another. If the element is the first one, a "+" is used for that element. Otherwise, the "-" sign is used). After choosing the basis functions, the general Method of Moment steps can be followed to discretize the integral equations.
Numerical Examples
In this section, we present some numerical examples to demonstrate the applications of the mixed element approach. All numerical computations are conducted using a HP super computer (750 MHz processor). In the first example, we calculate the scattering by a trapezoid shaped conducting plate with material coating on the four sides. The thickness of the plate is 2.54 cm. Refer to Figure 1 , the dimensions of the four sides are: 6.4m (bottom side), 0.9144 m (left and top sides), and 1.524 m (right side). The width of the coating is 5.08 cm, and the thickness is of the same as the conducting plate. The relative dielectric permittivity is 4.5+9i. Conducting part is modeled by quad element and triangles. The coating material region is also modeled using two types of elements, the hexahedron and the prism of triangle base. The partitions are displayed in Figure 1 . For comparison, this object is also modeled by all triangles and prisms. The calculated backscattered RCS for V-V polarization is shown in Figure 2 . It can be seen from Figure 2 that the results from two different meshes are very close to each other. However, the "QUAD+TRI" mesh uses 24,984 unknowns (246 MB memory), and 17.6 (sec.) CPU time per RCS angle, and the "TRI-ONLY" mesh uses 66,384 unknowns (1.65GB memory), and 66.0 (sec.) CPU time per RCS angle. The calculated monostatic RCS (V-V pol.) at 1 GHz for the dielectric material coated object shown in Figure 1 . The "QUAD+TRI" stands for the mesh that uses quad /triangle for conducting surface, and hexahedron/prism for the dielectric material. The "TRI-ONLY" stands for another mesh of the same object using triangle only for surface and prism only for material. The second example considers the radiation of a dipole array in the presence of a dielectric shell which is modeled by a layer of dielectric material. The sketch of the cross view is shown in Figure 3(a) . The shell is meshed using (a) prism (with triangle cross section) only, and (b) prism and hexahedron (shown in Figure  3(b) ). In the mixed mesh element approach, the triangles/prisms are used as transition of mesh sizes. The cone's height and base radius are 32cm and 10cm, respectively, the thickness is 7.5mm, and the tip is a spherical cap of radius 1 cm. The dielectric material has relative permittivity of 2.0. The primary source is an array of 5 dipoles parallel to z-axis and is 2.5cm above the conducting plate. The dipoles are 2.5cm apart and are of the same moment magnitude. The frequency is 3 GHz. The radiation patterns on the x-z plane calculated from the two meshes are shown in Figure 3(c) . The two curves are in good agreement. However the mixed element mesh case uses significantly less CPU and memory (15082 unknowns, 846.8 sec. total CPU for 361 observation directions, 95 MB memory for the mixed mesh case, as compared to 28029 unknowns, 2730 sec. CPU for 361 angles, and 290 MB memory for the prism-only mesh). As a remark, the mixed mesh algorithm also included the tetrahedron elements.
Conclusion
A mixed mesh element discretization scheme is applied to model complex object in the hybrid integral equation modeling. This approach has the advantages of reducing the number of unknowns, and providing flexibility in the modeling. The solution accuracy is maintained as long as the edge length remains the same for the single element mesh and the mixed element mesh.
